Xie L, Tiong CX, Bian JS. Hydrogen sulfide protects SH-SY5Y cells against 6-hydroxydopamine-induced endoplasmic reticulum stress.
RECENT EVIDENCE indicates endoplasmic reticulum (ER) stress to be a potential mediator of Parkinson's disease (PD) (19, 50, 58) as well as other brain diseases, including Alzheimer's disease (14, 43, 51) , amyotrophic lateral sclerosis (52, 68) , and Huntington's disease (4, 29) . These neurodegenerative diseases share a common neuropathology feature associated with an abnormal formation of inclusion bodies and aggregation of misfolded proteins (28, 38, 47, 57, 65) .
Proper protein folding is essential in ensuring cellular functioning. Unfolded or misfolded proteins are a threat to cell survival (23) . The ER is a sophisticated luminal network for the synthesis, maturation, folding, and transportation of proteins destined for the cell membrane, Golgi apparatus, lysosomes, secretion, etc. (36, 56) . Perturbation of these processes under various physiological and pathological conditions, such as glucose deprivation, inhibition of protein modification, and disturbances of Ca 2ϩ homeostasis (34, 37) , create an ER stress environment (23) . Eukaryotic cells, including neurons, respond to ER stress by triggering the cellular unfolded protein response (41) . Upon switching on unfolded protein responseassociated signal transduction events, the cells work toward reestablishing normal ER function. However, when the primary insult causing ER stress is protracted or excessive, cell death is initiated through apoptosis (22, 24, 62, 74) .
Hydrogen sulfide (H 2 S), despite being notoriously known for its toxicity (48) , was discovered to be produced endogenously in the brains of rats, cows, and humans (11, 54, 72 ). In the brain, H 2 S production is mainly controlled by cystathionine ␤-synthase (CBS) (8, 12, 59, 61) , with L-cysteine and/or homocysteine as the main substrate (70, 71) . A new enzyme, 3-mercaptopyruvate sulfurtransferase (3-MST), which uses Lcysteine and ␣-ketoglutarate substrates, in combination with cysteine aminotransferase, has also been identified as another possible candidate for H 2 S production in the brain (25) . Although cystathionine ␥-lyase has also been detected in the rat brain, the activity of cystathionine ␥-lyase was, however, 30-fold lesser than that of CBS (1), limiting its contribution to the H 2 S level in the cerebral vasculature.
Since the first description of endogenously produced H 2 S in mammalian tissues, there has been exponential growth of scientific interest in H 2 S as a biological mediator in many systems, which varies from the brain to the gut (25) . Several studies have suggested that abnormal generation and metabolism of H 2 S may provoke the pathogenesis of central nervous system diseases. For example, disturbed H 2 S synthesis in the brain has been demonstrated in patients with Alzheimer's disease (9), Down's syndrome (21) , and stroke (46) . On the other hand, exogenously applied H 2 S has been demonstrated to produce antioxidation (15, 26, 27, 33) , anti-inflammatory (17) , and antiapoptotic (16) effects in both in vitro and in vivo experimental models of neurodegenerative disorders. Hence, multiple lines of evidence suggest that an alteration in endogenous H 2 S concentration might affect the normal regulation of central nervous system functions and contribute to the pathogenesis of certain neurodegenerative diseases.
The association between H 2 S and ER stress in neurodegenerative diseases is not yet known, although recent studies have suggested possible roles of H 2 S in modulating ER stress-induced cardiovascular diseases. In a rat model of hyperhomocysteinemiainduced cardiomyocytic ER stress injury and in homocysteinetreated H9c2 cells (a rat embryonic heart-derived cell line), H 2 S supplementation was shown to antagonize cell injury and suppress the expression of various ER stress-associated proteins, including glucose-regulated protein (GRP)78 (also known as BiP), C/EBP homologous protein (CHOP), cleaved caspase 12, and phosphophorylated eukaryotic initiation factor-2␣ (eIF2␣) (73) . In another study (32) on stress-related ulceration in rats, H 2 S exposure was also shown to reverse the upregulation of ER stress markers. However, a different effect of H 2 S was reported in INS-1E cells (insulin-secreting ␤-cell line). An increase in the release of en-dogenous H 2 S not only aggravated stress but also stimulated apoptosis (75) .
With the disparate roles of H 2 S in different ER stressinduced experimental disease models, we sought to examine the effect of H 2 S on an ER stress-associated neurodegenerative disease, namely, Parkinson's disease. In this study, we demonstrated, for the first time, the effects of H 2 S on 6-hydroxydopamine (6-OHDA)-induced ER stress in SH-SY5Y cells. The involvement of various pathways, such as PKB (also known as Akt), ERK1/2, and heat shock protein (Hsp)90, was also determined.
METHODS
Cell culture. The SH-SY5Y human neuroblastoma cell line was obtained from the American Type Culture Collection (Manassas, VA). It possesses many qualities of substantia nigra neurons that make it suitable to be used as a neuronal characteristics model such as neuronal apoptosis, neurotransmission, and neurodegeneration.
Cells were maintained in DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA), at 37°C in a humidified incubator (5% CO 2-95% air). Cells were passaged twice a week.
Cell treatment. Upon reaching 80% confluency, cells were seeded onto 96-well plates or 35-mm-diameter dishes and incubated overnight. Note that for the cell viability assay, the regular culture medium was replaced with low-serum medium (0.5% FBS-DMEM) immediately before treatment. For assays on ER stress markers, it is important to change the medium in the dishes with fresh medium just before the start of experiments, as ER stress could be induced by nutrient depletion, such as glucose deprivation and amino acid starvation.
To study the effect of H 2S on cells, 100 M sodium hydrosulfide (NaHS) was added to the cell medium 10 min before the administration of 50 M 6-OHDA. Each inhibitor was added 30 min before NaHS treatment. Cells were incubated for another 6 or 12 h (for cell viability tests) after each exposure to toxins.
Cell transfection. SH-SY5Y cells were seeded onto six-well plates and transfected with the CBS-pIRES2-AcGFP vector or empty vector alone as a control using the Lipofectamine 2000 transfection reagent. After transfection for 24 h, cells were harvested or treated with 6-OHDA (50 mM) for 6 h.
Cell viability assay. Cell viability was assessed by a methylthiazolyl tetrazolium (MTT) reduction assay, as previously described (16) . At the end of treatment, cells were incubated at 37°C with MTT at a final concentration of 0.5 mg/ml for 4 h. The purple formazan formed was solubilized with 150 l DMSO. The absorbance of the colored solution was measured at 570 nm with a reference wavelength of 630 nm using a 96-well microplate reader (Tecan Systems).
Lactate dehydrogenase release assay. At the end of treatment, the cell culture medium was collected and briefly centrifuged. The supernatants were transferred into wells in 96-well plates. Equal amounts of lactate dehydrogenase (LDH) assay substrate, enzyme, and dye solution were mixed. A half volume of the above mixture was added to one volume of medium supernatant. After being incubated at room temperature for 30 min, the reaction was terminated by the addition of 1/10 volume of 1 N HCl to each well. Spectrophotometrical absorbance was measured at a wavelength of 490 nm and a reference wavelength of 690 nm.
Western blot assays. Treated cells were washed twice with ice-cold PBS and lysed with 100 l of chilled lysis buffer containing 125 mM NaCl, 25 mM Tris (pH 7.5), 5 mM EDTA, 1% Nonidet P-40, 0.4% deoxycholic acid, 10 mM NaF, and 1 mM Na 3VO4 as well as protease and phosphatase inhibitor cocktails. The collected cell lysates were shaken on ice for 1 h before being subjected to centrifugation at 13,000 g at 4°C for 15 min. Supernatants were collected and denatured by SDS sample buffer. Epitopes were exposed by boiling the protein samples at 100°C for 5 min. Protein concentrations were determined with a NanoDrop Spectrophotometer (ND-1000, NanoDrop Technology). Equal amounts of protein extracts were separated by gel electrophoresis using a 10% SDS-PAGE gel and transferred to nitrocellulose membranes (Whatman) using a Mini-trans-Blot cell (Bio-Rad, Hercules, CA). Membranes were blocked at room temperature for 1 h in 10% nonfat milk with Tris-buffered saline-Tween 20 (TBST) buffer. Membranes were then incubated with various primary antibodies at 4°C overnight. Membranes were washed three times in TBST buffer, followed by an incubation with 1:10,000 dilutions of horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG at room temperature for 1 h, and washed for another three times in TBST buffer. Visualization was carried out using SuperSignal West Pico solutions (Thermo Scientific, Rockford, IL) and an ECL (advanced chemiluminescence) kit (GE Healthcare). The density of the bands on Western blots was quantified by ImageJ software. The relative phosphorylation was normalized to total protein.
RT-PCR. mRNA levels of BiP, Hsp90, and ␤-actin were determined by two-step RT-PCR. In brief, total RNA was extracted using TRIzol reagent (Invitrogen). Homogenized samples were then incubated at room temperature for 5 min. Chloroform was added, and tubes were shaken vigorously by hand for 15 min followed by an incubation for 3 min at room temperature once more. Samples were centrifuged at 12,000 g for 15 min at 4°C. The colorless upper aqueous phase was transferred to a new tube containing isopropanol and incubated for 10 min at 25°C followed by centrifugation at 12,000 g for 10 min at 4°C. The supernatant was thrown away, and the RNA pellet was washed with 70% ethanol. Samples were vortexed and centrifuged at 7,500 g for 5 min at 4°C. RNA pellets were briefly dried for 10 min and dissolved in RNase-free water before being subjected to a 10-min incubation at 60°C. The RNA concentration was determined with a NanoDrop Spectrophotometer (ND-1000, NanoDrop Technology). Equal amounts of the obtained RNA samples were reverse transcribed into cDNA using an iScriptTM cDNA synthesis kit (Bio-Rad). Reverse transcription was performed at 25°C (for 5 min), 42°C (for 30 min), and 85°C (for 5 min). The resulting cDNAs were PCR amplified using a Taq DNA polymerase kit (i-DNA Biotechnology). The PCR primer sequences and conditions used were as follows: BiP, 5=-GACCATGGAGAAAGCTGTAGAGGAA-3= (forward primer) and 5=-CCAAGACACGTGAGCAACTGCTA-3= (reverse primer) (NM_005347.3) at 95°C (for 30 s), 50°C (for 1 min), and 72°C (for 45 s) for 24 cycles (50); Hsp90, 5=-GCTTATTTGGT-TGCTGAGAAAGTAACT-3= (forward primer) and 5=-TTCCAC-GACCCATAGGTTCAC-3= (reverse primer) (NM_001017963.2) at 94°C (for 45 s), 58°C (for 30 s), and 72°C (for 30 s) for 30 cycles (30); and ␤-actin, 5=-AAGAGAGGCATCCTCACCCT-3= (forward primer) and 5=-TACATGGCTGGGGTGTTGAA-3= (reverse primer) (NM_001101.3) at 95°C (for 30 s), 55°C (for 1 min), and 72°C (for 45 s) for 22 cycles (10). PCR products were separated on a 1% agarose gel and stained with ethidium bromide. The optical densities of the mRNA bands were analyzed with GelDoc-It Imaging Sytems. The ratio of the optical density of BiP or Hsp90 mRNA to ␤-actin mRNA was the relative amount of BiP or Hsp90 mRNA.
Statistical analysis. All data are presented as means Ϯ SE. Statistical significance was assessed with one-way ANOVA followed by a post hoc (Bonferroni) test for multiple-group comparisons. For twogroup comparison, t-test was used. Differences with P values of Ͻ0.05 were considered statistically significant.
Chemicals and reagents. NaHS was used as an H2S donor. When dissolved in water at pH 7.4, HS Ϫ is released and associates with H ϩ to form H2S. This provides a solution of H2S at a concentration that is ϳ33% of the original concentration of NaHS (48) . NaHS, 6-OHDA, and MTT were purchased from Sigma-Aldrich. PD-98059 (a MEK inhibitor) and Akt inhibitor were obtained from Calbiochem (San Diego, CA). Geldanamycin was obtained from A.G. Scientific (San Diego, CA). All chemicals were dissolved in deionized water except for PD-98059, Akt inhibitor, and geldanamycin, which were dissolved in DMSO at a final concentration of not Ͼ0.05%.
Primary antibodies for detecting poly(ADP-ribose) polymerase (PARP), phospho-eIF2␣ and total eIF2␣, Hsp90, CHOP/GADD153 were purchased from Cell Signaling Technology. The antibody for ␤-actin was obtained from Sigma-Aldrich.
RESULTS
H 2 S protects SH-SY5Y cells against 6-OHDA-induced cell death. 6-OHDA is a widely used endogenous neurotoxin in establishing an animal model for Parkinson's disease, and the MTT assay was used to determine cell viability. SH-SY5Y cells were treated with 6-OHDA for 12 h in the presence or absence of NaHS, an H 2 S donor. Figure 1A shows that 50 M 6-OHDA significantly reduced cell viability to 49.56%. Pretreatment with NaHS (100 M, 10 min), which alone had no obvious effect, significantly reversed the effect of 6-OHDA and increased cell viability to 69.54%. Moreover, NaHS pretreatment also significantly alleviated LDH release in 6-OHDA-treated cells (Fig. 1B ). These data suggest that H 2 S may protect SH-SY5Y cells against 6-OHDA-induced cell cytotoxicity, and these results were comparable with our previous findings (66) .
PARP is a protein involved in DNA repair and apoptosis. Cleavage of full-length PARP (116 kDa) into an 89-kDa fragment is a hallmark of cell death. In the present study, we measured PARP cleavage using Western blot analysis to further examine the effect of H 2 S on 6-OHDA-induced cell death in SH-SY5Y cells. As shown in Fig. 1C , treatment of cells with 6-OHDA resulted in a significant increase in the level of cleaved PARP, whereas pretreatment with H 2 S significantly reduced PARP cleavage. Similarly, cleaved caspase 9, which has been reported to be upregulated in ER stress (20, 42) , was elevated in 6-OHDAtreated SH-SY5Y cells, whereas NaHS pretreatment significantly reduced caspase 9 cleavage induced by 6-OHDA (Fig. 1D) .
Tunicamycin induces cell injury in SH-SY5Y cells. Tunicamycin, which is a glycoprotein synthesis blocker, is widely used as an experimental tool to induce ER stress. As shown in Fig. 2A , a time-course experiment showed that tunicamycin (10 g/ml) remarkably elevated eIF2␣ phosphorylation and CHOP expression in 3 h. We also treated SH-SY5Y cells with tunicamycin at different concentrations (0.1-10 g/ml) for 12 h. Tunicamycin concentration dependently increased LDH release (Fig. 2B ) and decreased cell viability (Fig. 2C) . These data indicate the vulnerability of SH-SY5Y cells to ER stress-induced cell injury.
H 2 S decreases phospho-eIF2␣ expression induced by 6-OHDA. It has been previously demonstrated that ER stress contributes to neuronal death (13, 24, 34, 40) . We first sought to investigate whether 6-OHDA activates the phosphorylation of eIF2␣ to induce ER stress in SH-SY5Y cells. A Fig. 3 . Western blot analysis showing the effects of 6-OHDA and/or NaHS on p-eIF2␣ protein expression. p-eIF2␣ (38 kDa) expression was compared by measuring the gray intensity and area of bands with eIF2␣ (38 kDa). A: timecourse experiments showing the effects of 6-OHDA. B: NaHS reversed the effect of 6-OHDA (6 h) on eIF2␣ phosphorylation. The histograms show the ratio of p-eIF2␣ over t-eIF2␣. Data are presented as means Ϯ SE; n ϭ 4-6. **P Ͻ 0.01 and ***P Ͻ 0.001 vs. control cells; #P Ͻ 0.05 vs. 6-OHDA-treated cells. p-eIF2␣, phospho-eIF2␣; eIF2␣, total eIF2␣. B and C: concentration-dependent effects of tunicamycin on LDH release (B) and cell viability (C) in different concentrations of tunicamycin. Cells were treated with tunicamycin at different concentrations (0.1-10 g/ml) for 12 h. Data are presented as means Ϯ SE; n ϭ 8. **P Ͻ 0.01 and ***P Ͻ 0.001 vs. control cells.
time-course experiment showed that 50 M 6-OHDA significantly increased phospho-eIF2␣ expression throughout the period of 3-9 h (Fig. 3A) . Pretreatment with NaHS for 10 min before the administration of 6-OHDA for 6 h clearly decreased phospho-eIF2␣ expression, whereas NaHS alone failed to affect SH-SY5Y cells (Fig. 3B) .
H 2 S decreases BiP mRNA expression induced by 6-OHDA. To further ascertain that exposure to 6-OHDA induces ER stress, we proceeded to monitor the BiP mRNA level in SH-SY5Y cells using RT-PCR. BiP is an ER chaperone protein whose expression level is increased during ER stress (35) . As shown in Fig. 4A, 6 -OHDA treatment led to a significant elevation in BiP mRNA expression at 6 -9 h. NaHS alone at different time periods had no effect on BiP mRNA expression levels (Fig. 4B) . However, 6-OHDA-induced BiP mRNA upregulation was reversed by NaHS treatment at 6 h (Fig. 4C) .
H 2 S decreases CHOP expression induced by 6-OHDA. When the primary insult is excessive, cell death is initiated (22, 24, 62, 74) . CHOP participates in ER stress-induced apoptosis (49) . As shown in Fig. 5A, 6 -OHDA significantly induced CHOP expression at 6 and 9 h. Pretreatment with NaHS for 10 min, which alone had little effect, effectively suppressed the CHOP expression induced by 6-OHDA (Fig. 5B ). These data suggest that H 2 S treatment produces a protective effect against ER stress-induced apoptosis.
Akt, but not ERK1/2, mediates the protective effect of H 2 S on 6-OHDA-induced ER stress in SH-SY5Y cells. Activation of ERK1/2 and Akt pathways is known to play important roles in resisting ER stress-induced apoptosis signaling (18) . To determine the involvement of Akt and ERK1/2 pathways in H 2 S neuroprotection against ER stress, we pretreated SH-SY5Y cells with PD-98059 (10 M, a specific MEK inhibitor) and Akt inhibitor (5 M) 30 min before the administration of NaHS (100 M). RT-PCR data showed that Akt inhibitor, but not PD-98059, significantly reversed the BiP mRNA expression levels suppressed by NaHS (Fig. 6A) . Neither Akt inhibitor nor PD-98059 Fig. 6 . The neuroprotective effect of NaHS involves the Akt pathway but not the ERK1/2 pathway. PD-98059 (an ERK1/2 inhibitor, 10 M) and Akt inhibitor (Akti; 5 M) were given 30 min before the addition of NaHS, which was applied 10 min before cells were subjected to 6-OHDA (50 M, 6 h). Akti, but not PD-98059, abolished the effect of NaHS on BiP mRNA levels (A) and phosphorylation of eIF2␣ (B). The histograms show relative BiP mRNA levels compared with ␤-actin and p-eIF2␣ compared with eIF2␣, respectively. Data are presented as means Ϯ SE; n ϭ 3-6. **P Ͻ 0.01 and ***P Ͻ 0.001 vs. control cells; #P Ͻ 0.05, ##P Ͻ 0.01, and ###P Ͻ 0.001 vs. 6-OHDA-treated cells; †P Ͻ0.05 vs. NaHS ϩ 6-OHDA-treated cells.
alone had an effect on mRNA expression levels of BiP. Similarly, administration of Akt inhibitor abolished H 2 S downregulated phospho-eIF2␣, whereas PD-98059 had no significant effect (Fig.  6B) . Taken together, these data clearly suggest that the protective effect of NaHS against 6-OHDA-induced ER stress is via stimulation of the Akt pathway.
Hsp90 mediates the protective effects of H 2 S on 6-OHDAinduced ER stress in SH-SY5Y cells. Hsp90, a molecular chaperone, plays a unique role in cellular homeostasis, assisting protein degradation, folding, and maturation, and preventing apoptosis (6, 45) . We found that inhibition of Hsp90 with geldanamycin (10 M) markedly induced upregulation of BiP (an ER stress marker) mRNA expression levels at 3-9 h (Fig. 7A) . Western blot analysis revealed that NaHS treatment alone at 6 -9 h significantly upregulated Hsp90 protein expression (Fig. 7B) . Pretreatment with NaHS failed to reduce the upregulated geldanamycin-induced BiP mRNA expression levels (Fig. 7C) , suggesting that Hsp90 is important in the neuroprotective effect of H 2 S during ER stress.
Interaction between Akt kinase and the Hsp90 molecular chaperone. To avoid apoptosis and to promote cell survival, Hsp90 interacts with the phosphorylated serine/threonine kinase Akt, a protein that promotes the survival signal (3, 55) . To examine the signaling cascade, we detected Hsp90 protein expression in the presence or absence of Akt inhibitor. Interestingly, inhibition of Akt activity downregulated the protein expression level of Hsp90 (Fig. 8) . These data suggest that the activation of Akt is necessary for the stimulatory effect of H 2 S on Hsp90 protein expression.
Overexpression of CBS in SH-SY5Y cells elevates Hsp90 protein levels and suppresses 6-OHDA-induced ER stress.
To evaluate the protective effects of endogenous H 2 S against ER stress, we overexpressed CBS in SH-SY5Y cells. As shown in Fig. 9A , the Hsp90 protein level was increased in CBS-overexpressing cells compared with those transfected with vehicle vector. CBS overexpression also alleviated eIF2␣ phosphorylation (Fig. 9B) and BiP mRNA expression induced by 6-OHDA (Fig. 9C) , further confirming the potential protective effect of H 2 S against ER stress in SH-SY5Y cells.
DISCUSSION
H 2 S is an emerging novel neuromodulator. However, its role in neuronal-induced ER stress is unknown, although it has been reported to protect against ER stress-induced cardiovascular disease (5, 73) and gastric ulceration (32) . Therefore, the present study was designed to investigate whether H 2 S plays a Fig. 9 . Overexpression of cystathione ␤-synthase (CBS) elevated Hsp90 protein levels and suppressed 6-OHDA-induced endoplasmic reticulum stress. Cells were transfected with CBS-pIRES2-AcGFP or vehicle and incubated for 12 h before treatment. A: Western blot analysis of Hsp90 and CBS expression in CBS-or empty vector-transfected cells. B and C: eIF2␣ phosphorylation levels (B) and BiP mRNA levels (C) in CBS-or empty vector-transfected cells treated with or without 6-OHDA (50 M, 6 h). Data are presented as means Ϯ SE; n ϭ 3-7. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. the vector-alone group; #P Ͻ 0.05 and ## P Ͻ 0.01 vs. the 6-OHDA-treated vectortransfected group.
profound role in regulating 6-OHDA-induced neuronal ER stress cell death.
6-OHDA is a selective catecholaminergic neurotoxin that has been widely used for over 30 yr in experimental models of Parkinson's disease (2, 15, 50, 67) . Moreover, as this neurotoxin has a similar molecular structure to that of dopamine, it shows a high affinity for the dopamine transporter and selectively kills dopaminergic neurons (31) . Although the underlying cellular and molecular mechanisms in 6-OHDA-induced neuronal loss remain unclear, ER stress and activation of unfolded protein response signaling components have been reported to participate in the killing of dopaminergic neurons (13, 50) .
We first demonstrated that 6-OHDA induced ER stress by examining the expression of its markers, such as phosphoeIF2␣, BiP, and CHOP. Phosphorylation of eIF2␣ blocks the initiation of gene expression at the translational level and reduces the protein load on the ER (60). BiP is an ER molecular chaperone protein whose expression is increased during ER stress (35) . CHOP is a 29-kDa protein that participates in ER stress-induced apoptosis (49) . It is ubiquitously expressed at a very low level in the cytosol under nonstressed conditions. However, the presence of excessive stress perturbations leads to CHOP induction, and overexpression of CHOP causes cell cycle arrest, a decrease in Bcl2 protein, and eventually cell death (44) . We found that H 2 S was able to downregulate the elevated ER stress markers and hence protect cells from cell death.
We further examined the possible signaling mechanisms for the protective effect of H 2 S against ER stress. Hu and colleagues (18) have identified that activation of both ERK1/2 and Akt pathways plays important roles in resisting ER stressinduced apoptosis signaling. Moreover, in previous studies, we have demonstrated that H 2 S-induced neuroprotection involves both Akt (66) and ERK1/2 (64) pathways. In the present study, we investigated the contribution of both Akt and ERK1/2 influences in H 2 S neuroprotection on ER stress. We found that inhibition of the Akt pathway, but not the ERK1/2 pathway, significantly increased the mRNA level of BiP and the protein level of phospho-eIF2␣ compared with the NaHS and 6-OHDA-treated group. Our results suggest that H 2 S exerts its protective effects by activation of the Akt but not ERK1/2 pathway.
Hsp90 is one of the most abundant cytosolic proteins expressed in cells, and it is an ATP-dependent molecular chaperone (76) that is essential for several cellular functions, including cell signaling, protein degradation, and assisting in correct protein folding, assembly, and maturation of client proteins (69) . The role of Hsp90 has been well documented in maintaining cell proliferation and cell survival. Hsp90 may prevent apoptosis by binding to apoptotic peptidase-activating factor 1, resulting in inhibition of apoptosome formation and preventing the activation of caspases and death (55) . Taiyab et al. (63) demonstrated that inhibition of Hsp90 leads to ER stress-induced apoptosis in rat histiocytoma. Similarly, we showed that inhibition of Hsp90 activity with geldanamycin increased BiP mRNA expression. It was interesting to find that NaHS upregulated Hsp90 protein expression. However, pretreatment with NaHS only reversed the ER stress induced by 6-OHDA but not that caused by geldanamycin. These data suggest that H 2 S exerts its protective effect against ER stress via upregulation of Hsp90, which plays a crucial role in protein folding and stability.
Akt (PKB) is an Hsp90-dependent serine-threonine kinase that plays critical roles in the regulation cell proliferation as well as antiapoptotic and cell survival responses (53) . AktHsp90 interactions are important, as it has been proven that blockade of the binding to Hsp90 inactivates Akt and makes cells more prone to apoptosis-inducing stimuli (53) . Akt acts synergistically with Hsp90 functions to balance and maintain the phosphorylation state of Akt to promote cell survival (77) . However, the effect of inhibition of Akt activity on Hsp90 is not known. Hence, by administrating Akt inhibitor and NaHS, which has been proven to stimulate Akt activity, we proceeded to monitor the Hsp90 level. Interestingly, we observed a decrease in the levels of the Hsp90 molecular chaperone upon inhibition of Akt activity. Our data suggest for the first time here that activation of Akt by NaHS can elevate Hsp90 protein levels.
It is worth noting that in a previous study by Yang et al. (75), H 2 S was reported to induce apoptosis of insulin-secreting ␤-cells by enhancing ER stress. In contrast, H 2 S has been demonstrated in rats to attenuate hyperhomocysteinemia-induced cardiomyocytic ER stress (5, 73) and stress-induced gastric ulceration (32) . Therefore, it is conceivable that different cell types have different sensitivities and reactions toward H 2 S.
In conclusion, the present observations identify the beneficial role of H 2 S in protecting SH-SY5Y cells against 6-OHDAinduced ER stress. The neuroprotective effect of H 2 S involves Akt-Hsp90 regulation. As ER stress has been recognized as a crucial process in the pathogenesis of neurodegenerative diseases (7, 38), our findings suggest that H 2 S may have potential therapeutic value in the treatment of neurodegenerative diseases such as Parkinson's disease.
